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Experimental studies were made t o  evaluate some of the e f fec ts  of 
parameters such as Mach number, blade angle, and s t ruc tura l  damping on 
the f l u t t e r  of model helicopter rotor blades i n  the hovering condition. 
The model blades had NACA 23012 and 23018 a i r f o i l  sections and each was 
tes ted t o  chordwise center-of-gravity locations of approximately 27.5 
and 37 percent chord. 
ranging from 0.0012 t o  0.0030 slug per cubic foot  and a t  various pi tch 
angles up in to  the stall.  
the t e s t  medium i n  order t o  extend the t i p  Mach number range of the 
t e s t s  t o  s l igh t ly  above unity. 

Data were obtained a t  test medium densi t ies  

Mixtures of air and Freon-12 were used f o r  

Forward movement of the blade chordwise center-of-gravity location 
generally raised the f l u t t e r  speeds a t  low pi tch angles but had no 
appreciable e f f ec t  a t  high pi tch angles. An increase i n  the s t ruc tura l  
damping generally ra ised the f l u t t e r  speed a t  high pitch angles. A t  a 
given pitch angle, the f l u t t e r  occurred a t  essent ia l ly  constant dynmic 
pressure f o r  variations i n  density. A large beneficial  e f f ec t  of Mach 
number was observed near the section c r i t i c a l  Mach number such tha t  if 
f l u t t e r  was  not encountered up t o  a t i p  Mach number of 0.73, it would 
not occur a t  a l l .  Out of these studies a c r i te r ion  is  tentat ively 
advanced which indicates design requirements f o r  completely f l u t t e r -  
f r ee  operation of helicopter blades. 

The s ignif icant  f l u t t e r  data  fo r  a large number of tests along 
with detailed descriptions of the models are Included i n  tabular form 
t o  f a c i l i t a t e  more detai led analyses of the resu l t s  presented. 

DTJXODUCTION 

The poss ib i l i ty  of rotor-blade f l u t t e r  ex is t s  for  some helicopters 
of current and future types which are designed t o  operate a t  high t i p  
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speeds without being completely mass balanced about the blade 1/4 chord 
at all spanwise positions (ref, 1). Although the general character- 
istics of the flutter of propeller blades and wings in subsonic com- 
pressible flows at pitch angles up to and including the stall region 
have been studied by several investigators (e.g., refs. 2 and 3 ) ,  no 
studies of similar nature have been reported in regard to helicopter 
blades. Theoretical methods are available which may be used to estimate 
the classical flutter speeds of helicopter blades in incompressible 
flows (refs. 4 and 5), but as' yet neither theoretical nor experimental 
data have been presented for the prediction of the effects of compress- 
ibility or blade stall. In consideration of the differences between 
helicopter and propeller blades as to rigidity, structural damping, 
radius to chord ratio, solidity, root fixity, airfoil section, and so 
forth, some doubt exists as to the applicability of wing or propeller 
blade flutter data to the prediction of the flutter characteristics of 
helicopter blades. 

As a part of a general investigation of helicopter flutter, the 
present program was initiated in an effort to determine the effects of 
various parameters including Mach number, structural damping, and chord- 
wise center-of-gravity location on flutter of model helicopter blades at 
zero forward velocity. 
representative of full-scale helicopter blades. 

The models had flapping hinges and plan forms 

A portion of this investigation is devoted to the definition of a 
stall-flutter criterion for the design of helicopter blades which can 
be operated flutter-free throughout the pitch angle range at all sub- 
sonic blade tip Mach numbers. basmuch as blade twisting deformations 
affect the blade pitch angle at flutter, and since the subject of blade 
twist may be of some general interest, a brief study of blade twist 
including the effects of Mach number is included. 

SYMBOLS 

- 
cz 
E1 

GJ 

slope of lift curve, dcz/tici 

blade half-chord, ft 

sound speed of testing medium, fps 

mean section lift coefficient 

blade bending stiffness, lb-in.2 

blade torsional stiffness, lb-in.2 
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s t ruc tura l  damping coefficient f o r  f irst  e l a s t i c  bending mode 

s t ruc tura l  damping coefficient f o r  second elastic bending mode 

s t ruc tura l  damping coefficient f o r  first torsion mode 

blade mass moment of i ne r t i a  about e l a s t i c  axis, slug-ft2/ft 

mass moment of i ne r t i a  of blade including blade shank about 
flapping hinge, slug-ft  2 

mass moment of i ne r t i a  of blade shank about flapping hinge, 
2 slug-ft  

blade mass per un i t  length, s lugs/f t  

mass of blade shank, slugs 

rotat ional  Mach number 

dynamic pressure, lb/sq f t  

nondimensional radius of gyration of blade section about 
e l a s t i c  axis, 3&/hb2 

rotor  radius, f t  

section speed, fps  

section center-of-gravity location, percent chord 

section e l a s t i c  axis location, percent chord 

angle of attack, deg 

mass constant of rotor blade, 2bpaR4/11 

blade mass -density r a t i o  , m/a pb2 

blade pi tch angle between chord l i n e  and plane of rotation, 
deg 

measured blade t w i s t ,  deg 
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P 

d rotor solidity, 2b/scR 

cuf flutter frequency, radians/sec 

density of testing medium, slugs/cu ft 

experimental nonrotating natural frequency for first elastic ".1 f lapwise bending mode, radians/sec 

experimental nonrotating natural frequency for second elastic 
'9l2 flapwise bending mode, radians/sec 

experimental nonrotating natural frequency for first torsion 
mode, radians/sec %! 

Subscripts : 

0 standard atmosphere 

0 . 8 ~  0.8 rotor radius 

t blade tip 

( )c corrected for aerodynamic and dynamic twist 

( 1s initial setting 

( )cr critical value 

Notation for test rotor blades: 

(f ) forward chordwise center-of-gravity location 

(r 1 rearward chordwise center-of-gravity location 

NPAlUTUS AND TEST METHODS 

The experimental investigations of helicopter-rotor-blade flutter 
reported herein were conducted in the Langley vacuum sphere (ref. 2). 
This facility consists of a steel tank in which is mounted a 500 horse- 
power electric motor which is used to whirl the rotor assemblies. 
sphere can be evacuated to provide different air densities; or it can 
be filled with Freon-12 gas, or mixtures of air and Freon-12, at various 
densities. The combined use of air and Freon-12 provides a means for 
studying independently the effects of Mach number and dynamic pressure 
on flutter. 

The 

C 
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m Blade configuration.- The blades used i n  the t e s t s  were designed t o  
be geometrically representative of normal helicopter configurations, and 

s 
Y 

t o  f l u t t e r  a t  speeds which would yield useful data a t  Mach numbers where 
compressibility e f fec ts  m i g h t  become inrportant over a range of pitch 
angles and chordwise center-of-gravity locations. The blades were of 
composite wood construction w i t h  a s ta in less -s tee l  rod (spar ) embedded 
i n  the wood and extending longitudinally along the quarter-chord l ine.  
Three holes extending pa ra l l e l  t o  the main spar were routed i n  the 
blades, one a t  each of the following points: 
cent chord, as shown i n  figure 1. The chordwise center-of-gravity posi- 
t i o n  was varied by means of selective location of s ta inless-s teel  rods 
or inser t s  i n  these holes. The s t ruc tura l  damping of the blades w a s  
varied i n  some cases by wrapping these rods w i t h  cloth. 

6.25, 50, and 62.5 per- 

The blades studied had NACA 23012 sections w i t h  chordwise center- 
of-gravity locations of 27.5 and 37.3 percent chord, and NACA 23018 sec- 
t ions w i t h  chordwise center-of-gravity locations of 28.0 and 36.5 per- 
cent chord. The rotor  assembly including the blade, blade shank, hub, 
and counterweights i s  shown i n  figure 2. The blades were tested as one- 
blade configurations and the active portion of the blade extended from a 
radius of 8 inches t o  a radius of 46 inches w i t h  a flapping hinge located 
at  a radius of 2.5 inches. No drag hinges were used. The centrifugal 
forces w e r e  balanced by adjustable counterweights. 

The blade dimensions, natural  frequencies, and other pertinent 
" f l u t t e r  parameters are given i n  table I. The frequencies were measured 

w i t h  the blades mounted on the hub i n  the t e s t  condition, that is, f r ee  
t o  f lap.  The blades are  grouped according t o  a i r f o i i  section, blades 1 
t o  5 having NACA 23012 a i r f o i l  sections and blades 6 t o  9 having 
23018 a i r f o i l  sections- During the tests, blade 2 was observed t o  have 
warped s l igh t ly ,  resul t ing i n  an upward deflection of the t r a i l i n g  edge. 
Models 1, 2, 3, and 4 were separate blades. B lade  5 w a s  obtained by 
wrapping the rods of blade 4 w i t h  cloth t o  increase the s t ruc tura l  
damping. This also resulted i n  an increase i n  tors ional  s t i f fness .  
Models 6 and 7 were also separate blades. The rods of blade 7 were 
wrapped w i t h  cloth as previously mentioned. 
i n  a blade having two new values of the tors ional  s t ruc tura l  damping 
coefficient; one value for  low-amplitude vibrations and another for  
high-amplitude vibrations. These new configurations are referred t o  as 
blade 8 and blade 9, respectively. The blade numbers are  accompanied by 
the l e t t e r s  (f ) and (r ) which are used t o  designate forward and rearward 
chordwise center-of-gravity locations, respectively. 

This modification resulted 

Instrumentation and data observations-- F lu t te r  data  were obtained 
through the use of wire s t r a i n  gages cemented t o  the blades i n  such a 
w a y  as t o  indicate both tors ional  and bending deflections, figure 2. 
The strain-gage outputs together w i t h  a tachometer s ignal  for  measuring 
the rotat ional  speed were recorded on oscillograph records such as shown 

v 
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i n  figure 3. The end of the blade w a s  illuminated instantaneously a t  
a predetermined point i n  each revolution by means of a strobolight ener- 
gized through a contactor on the motor shaft. The image of the blade 
t i p ,  thus obtained, w a s  used t o  measure the pi tch angles at  the blade 
t i p  by use of a telescope with the eyepiece graduated fo r  angular meas- 
urements. The pitch-angle measurements were then used t o  determine the 
amount of blade twist f o r  various test conditions. 

F lu t te r  t e s t ing  procedure.- The blades w e r e  operated with the 
pi tch angle fixed a t  the bla&e root. The pi tch angle w a s  changed 
between tests t o  obtain data over a range of pi tch angles from about 
8O t o  30'. The operating procedure f o r  each f l u t t e r  test  consisted of 
slowly increasing the speed of the test blade u n t i l  strong f l u t t e r  w a s  
first encountered, a t  which point an oscillograph record was taken. 
The pitch angle at  the blade t i p  was then measured a t  a s l i gh t ly  lower 
speed (40 t o  80 rpm lower) i n  order t o  have the blade i n  a more stable 
condition. The f l u t t e r  region w a s  often penetrated, i n  attempting t o  
f ind  an upper boundary, u n t i l  e i ther  the f l u t t e r  became too severe o r  
the f l u t t e r  region w a s  traversed. In  the latter case, a record w a s  
taken upon reentering the f l u t t e r  region from the top. 

The e f f ec t  of Mach number on the f l u t t e r  character is t ics  was studied 
by use of various mixtures of Freon-I2 gas (sound speed approximately 
equal t o  500 f p s )  and air  a t  various densit ies ranging from 0.0012 t o  
0.0030 slug per cubic foot. The blades were i n i t i a l l y  f lu t t e r ed  in  air  
a t  various densi t ies  after which they were tested i n  nearly pure 
Freon-12 gas. 
thus rais ing the sound speed of the mixture u n t i l  the desired range of 
sound speed had been covered. 
densi t ies  f o r  each mixture by variation of the absolute pressure of the 
tes t ing  medium. As a r e s u l t  of the f l u t t e r  t e s t s  being made i n  the 
aforementioned gaseous mediums over a re la t ive ly  wide range of veloci- 
ties, t i p  Mach numbers up t o  1.1 could be reached, and the Reynolds 
number a t  the blade t i p  f o r  the tests varied from about 125,000 t o  
about 2,250,000. 

The percentage of Freon-12 w a s  then lowered by steps, 

Flut ter  data were obtained a t  various 

RESULTS AND DISCUSSION 

General Considerations 

F lu t te r  parameters and reference stations.-  The f l u t t e r  data  are 
presented as functions of the f l u t t e r  speed coefficient 
parameter b%/c, the t i p  Mach number %, the density r a t i o  p/po, and 
the pi tch angle 8. In some instances, the data are also presented i n  

V/b%, a design 

terms of combinations of these parameters, for example, (V/%)&&-- 
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3- 
The significance of these parameters i n  propeller-blade and wing s ta l l  
f l u t t e r  studies is  recognized and discussed i n  some d e t a i l  i n  refer-  
ences 2 and 3. 

The f l u t t e r  speed coefficient as w e l l  as the blade pitch angles 
and pitch-angle set t ings are referred to  the s ta t ion  a t  0 . 8 ~ ;  however, 
the Mach number and measured blade t w i s t  are referred t o  the blade t i p .  
These reference s ta t ions were chosen because (1) the velocity of the ele- 
ment a t  0.8 blade radius appears t o  be more representative f o r  f l u t t e r  
than the element a t  0.75 radius which i s  usually referred t o  i n  he l i -  
copter analyses, (2)  the t i p  Mach number readily ident i f ies  the mch 
number a t  any r ad ia l  location, and (3) the t w i s t  a t  the t i p  is  the meas- 
ured t w i s t .  

L i f t  coefficient.- In order t o  f a c i l i t a t e  the estimation of the 
blade loading a t  f l u t t e r ,  figure 4 shows the mean section l i f t  coef- 
f i c i e n t  as a function of the pi tch angle as calculated by means of r e f -  
erence 6 fo r  an element located a t  the 0.8 blade radius assuming t h i s  
s ta t ion  t o  be typical. Inasmuch as the l i f t  curves fo r  NACA 23012 and 
23018 a i r f o i l  sections are not appreciably different,  a mean value of 
the slope of the lift curve i s  assumed and a single mean-value curve of 
cz plot ted against 6 i s  presented f o r  the representation of both 
blades . 
- 

Presentation of Flut ter  Data 

The s ignif icant  parameters f o r  the blades tested are  given in  
table I and discussed i n  the previous section en t i t l ed  apparatus and 
test  methods. The detailed resu l t s  of the f l u t t e r  investlgation are 
tabulated i n  table 11, according t o  blade section, blade number, and 
chordwise center-of-gravity location. The general sequence of presen- 
t a t ion  corresponds closely t o  the order i n  which the data were taken. 

Some of the general trends determined during the investigation are 
discussed i n  the following paragraphs w i t h  the aid of samples of data 
presented i n  figures 5 t o  16. 
is divided into two parts:  the f irst  re la t ing  t o  data taken at  Mach 
numbers where compressibility e f fec ts  were found t o  be insignificant,  
and the second re la t ing  t o  the e f fec ts  of Mach number and the e f fec ts  
of various f l u t t e r  parameters a t  Mach numbers where compressibility 
e f fec ts  appeared t o  be important. 

The presentation of the f l u t t e r  resu l t s  

In addition t o  the experimental f l u t t e r  investigation, a l imited 
study w a s  made t o  determine blade t w i s t  as influenced by dynamic pres- 
sure, f l u t t e r  and divergence, and Mach number. The resu l t s  of t h i s  

with the a id  of figures 17 t o  21. 
1 study are presented i n  the appendix and i n  table I11 and are  discussed 

C 
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Discussion of the Effects of Various Parameters 

on Flut ter  a t  Low Mach Numbers 

Blade pi tch angle.- The general shapes of the character is t ic  
f l u t t e r  curves obtained f o r  propeller blades and wings i n  essent ia l ly  
incompressibile flows by plot t ing the f l u t t e r  speed coefficient as a 
function of the blade pi tch angle or  angle of attack have been estab- 
l ished by the work of several  investigators (e.g., refs. 2 and 3). 
Figures 5 t o  8 of t h i s  paper present some experimental r e su l t s  of a 
s i m i l a r  nature obtained f o r  some model helicopter blades which show the 
character is t ic  shapes of the f l u t t e r  curves as w e l l  as the e f fec t  of 
various f l u t t e r  parameters. 

The f l u t t e r  data f o r  a typical  blade are shown i n  f igure 5 where 
both the f l u t t e r  speed coefficient and the r a t i o  of the f l u t t e r  fre- 
quency t o  blade first natural  tors ional  frequency are plotted as a 
function of blade pi tch angle. The curve of f l u t t e r  speed coefficient, 
o r  f l u t t e r  curve, separates the stable and unstable regions; the unsta- 
ble region being above the f l u t t e r  curve. 
increased, the f l u t t e r  speed coefficient drops s l igh t ly  a t  f irst  and 
then rapidly as the blade apparently begins t o  stall .  As the pi tch 
angle i s  fur ther  increased, the f l u t t e r  speed coefficient decreases 
u n t i l  some minimum value is  reached. Further increases i n  pi tch angle 
r e s u l t  i n  a rather sharp rise i n  the f l u t t e r  speed coefficient,  possibly 
due t o  a rearward shift i n  center of pressure ar is ing from blade stall .  
The curve of frequency r a t i o  shows tha t  a reduction i n  the value of the 
f l u t t e r  speed coefficient i s  accompanied by an increase i n  f l u t t e r  
frequency. 

As the blade pi tch angle i s  

The upper portion of the f l u t t e r  curve, corresponding t o  l o w  pi tch 
angles, defines the region of c lass ica l  f l u t t e r  whereas the lower por- 
t ion  of the curve corresponds t o  the region of s t a l l  f l u t t e r .  Classical  
f l u t t e r  usually involves a coupling of blade motion i n  a t  l ea s t  two 
degrees of freedom. Since f l u t t e r  occurs i n  the mode representing 
minimum potential ,  the s ignif icant  modes f o r  conventional helicopter 
blades are probably blade torsion and flapping. 
frequency-ratio curve of figure 5, the c lass ica l  f l u t t e r  occurs at a 
frequency considerably lower than the f irst  torsion natural  frequency. 
S t a l l  f l u t t e r  on the other hand is a predominantly tors ional  osc i l la -  
tion, the frequency of which is  shown by figure 5 t o  be very nearly 
equal t o  the f irst  tors ional  natural  frequency. 
wake-excited type (see ref. 7)  was also obtained. This f l u t t e r  occurred 
a t  pitch-angle set t ings near Oo, a t  speeds of the order of 85 percent 
of  the c lass ica l  f l u t t e r  speed, and a t  frequency r a t io s  of the order 

As sham by the 

Some f l u t t e r  of the 

'uf 
(42. 

of - = 0.80. 
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Having established the characteristic shape of the flutter curve 
for a typical blade, the fol1owir.g paragraphs along with figures 6 
to 9 will be devoted to an analysis of the effects , f  various flutter 
parameters. The absence of data at low pitch angles is due to the fact 
that the blades were designed so that the flutter speeds at high pitch 
angles would be sufficiently high to permit the evaluation of Mach num- 
ber effects when the blades were tested in mixtureb of air and Freon-12. 
Consequently, at low pitch angles, where the flutter speed is appreci- 
ably higher, the maximum operating speed was limited by centrifugal 
stresses rather than flutter. 

Chordwise center-of-gravity location.- The effect of chordwise center- 
of-gravity location on the flutter speed coefficient as a function of 
blade pitch angle is shown in figure 6 for blades having both NACA 23032 
and WACA 23018 airfoil sections. 
chordwise center-of-gravity location lowers the flutter speed coefficient 
appreciably at the lower pitch angles but has little effect on the mini- 
mum values obtained at high pitch angles in the stall region; a similar 
effect was also obtained for some additional model tests wherein the 
chordwise center-of-gravity location was moved forward as far as 22.5 yr- 
cent chord. 
similar investigation of propeller blades reported in reference 2 which 
showed the value of the minimum flutter speed coefficient to be very 
much a function of the chordwise center-of-gravity location. The rela- 
tion of this difference in behavior to specific differences in propeller 
and helicopter blade stall characteristics is not clear at present. 

In each case, a rearward shift in 

This result is apparently at variance with the results of a 

Airfoil section.- During the investigation, it was observed that 
one of the blades had warped slightly, resulting in a slight upward 
deflection or reflection of the trailing edge. The curve of flutter 
speed coefficient as a function of blade pitch angle for this blade is 
presented with a similar curve for an unwarped blade in l-gre 7. A 
comparison of the respective curves shows that, at pitch angles in the 
region of transition between classical and stall flutter, the flutter 
speed coefficient is considerably less for the blade having the reflex 
trailing edge than for the unwarped blade. The difference between the 
curves decreases, however, as the pitch angle increases and becomes non- 
existent at stall. The earlier transition from classical flutter to 
stall flutter for the warped blade may be caused by the decrease in 
camber due to the warping. The data in reference 8 show that blades 
having less camber have lower flutter boundaries at pitch angles lower 
than the stall. 

A comparison of the data presented in figures 8(a) and 8(b) shows 
that, at pitch angles of the order of 14O, the discrepancies between 
the flutter curves of the blades having different airfoil sections are 
small. 
for blades having similar torsional structural damping coefficients but 
different airfoil thickness, are ably different. This appears 
to be due to the relative indiffe the minimum flutter speed 

As the pitch angle is increased, the flutter speed coefficients, 
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coefficient f o r  the 18-percent-thick blades t o  variations i n  s t ruc tura l  
damping in  the range of = 0.06. 

Structural  damping.- The most pronounced e f f ec t  of s t ruc tura l  
damping a t  low Mach numbers occurred a t  blade pitch angles i n  the s t a l l  
region. 
sections, the minimum f l u t t e r  speed coefficient i s  increased appreciably 
by rais ing the tors ional  s t ruc tura l  damping coefficient from & = 0.049 
t o  0.067. 

0.069), as shown i n  figure 8(b) ,  did not appreciably a f f ec t  the minimum 
f l u t t e r  speed coefficient of the blades having NACA 23018 a i r f o i l  sec- 
tions. However, when the s t ruc tura l  damping coefficient f o r  the NACA 
23018 a i r f o i l  section w a s  approximately t r ip led ,  a s ignif icant  r i s e  i n  
the minimum f l u t t e r  speed coefficient w a s  obtained. 

Figure 8(a) shows that,  fo r  blades having NACA 23012 a i r f o i l  

A variation i n  damping over a s i m i l a r  range (% = 0.054 t o  

In addition t o  the e f fec t  of s t ruc tura l  damping on the magnitude of 
the minimum f l u t t e r  speed coefficient,  it w a s  observed t h a t  the f l u t t e r  
which occurred on the blades having high tors ional  s t ruc tura l  damping 
coefficients was usually more violent than the f l u t t e r  of the blades 
having low s t ruc tura l  damping coefficients. This e f fec t  w a s  more pro- 
nounced a t  the pitch-angle se t t ing  corresponding t o  the minimum f l u t t e r  
speed coefficient,  and may be due t o  the coupled effects  of nonlineari- 
t i e s  i n  the s.tructura1 and aerodynamic properties of the blades while 
operating i n  the f l u t t e r  region. 

Density.- Although the discussion presented i n  the previous sec- 
t ions w a s  limited t o  data obtained a t  atmospheric density, data were 
also obtained a t  densi t ies  ranging from approximately 0.0012 t o  
0.0030 slug per cubic foot. Inasmuch as the f l u t t e r  speeds obtained 
during the t e s t s  were found t o  be a function of the density, the ques- 
t ion arose as t o  the most convenient method of presenting the data f o r  
d i f fe ren t  densit ies.  
speed of a wing i s  given i n  reference 9 which shows the f l u t t e r  speed 
t o  be inversely proportional t o  the square root of the density of the 
tes t ing  medium fo r  wings having small values of the bending-to-torsion 
frequency r a t i o  and values of l / l c  > 10. 
parameters f o r  the blades tested were well within the l i m i t s  given i n  
reference 9, there w a s  reason t o  expect that ,  a t  low pitch angles i n  
the region of c lass ica l  f l u t t e r ,  the blades would f l u t t e r  a t  constant 
dynamic pressure a t  a given pi tch angle. This proved t o  be the case 
not only a t  low pitch angles but a t  high pi tch angles as w e l l .  
shown by the samples of data presented i n  figure 9 where the f l u t t e r  
speed coefficient i s  plotted as a function of the density r a t i o  f o r  
medium and high pitch angles. 
the data points show tha t  Vo.8R/b% = Cl \ /pO/p ,  then by simple manipu- 

la t ion  it can be shown t h a t  &V2 = C2, where 

An empirical expression for  the c lass ica l  f l u t t e r  

Since the values of these 

This is  

Inasmuch as the s t ra ight  l ines  through 

C 1  and C2 are constants 
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which depend on the slope of the s t ra ight  l ine  and consequently are 
functions of the blade-pitch-angle set t ing.  
se t t ing  i s  near the s t a l l  angle, and the flow is  probably of a non- 
potent ia l  nature a t  l ea s t  during a portion of the f l u t t e r  cycle. 

The high pi tch angle 

The f a c t  that  +,he f l u t t e r  at  high angles occurred a t  constant 
dynamic pressure rather  than constant velocity i s  a t  variance with most 
of the experimental resu l t s  previously obtained f o r  wings and propellers, 
references 2 and 3. This m y  be due t o  the f a c t  tha t  the s t ruc tura l  
damping is  much greater i n  the present case than f o r  previous t e s t s ,  o r  
it might be due t o  aerodynamic differences associated with the different  
a i r f o i l  sections during the f l u t t e r  cycles which involves the s t a l l i ng  
and unstall ing of the blades. The analyt ical  and experimental investi-  
gation of reference 7 indicates t ha t  if  the s t ruc tura l  damping i s  very 
low, the minimum value of the f l u t t e r  speed coefficient is  essent ia l ly  
independent of density, and the f l u t t e r  w i l l  depend on the aerodynamic 
damping of tors ional  oscil lations.  The aerodynamic damping coefficients 
were shown i n  reference 3 t o  be a function of velocity and chordwise 
location of the torsional axis of rotat ion and independent of density. 
I f ,  f o r  a given axis of rotation, a region of negative damping ex is t s ,  
then the f l u t t e r  velocity is equal t o  the velocity a t  which the aero- 
dynamic damping becomes negative. However, if the s t ruc tu ra l  damping 
i s  substantial ,  as i s  generally the case f o r  helicopter blades, then 
the minimum f l u t t e r  speed i s  shown i n  reference 3 t o  increase as the 

function g+,(r$/k) increases. If &(ra2/k) be writ ten i n  the equiv- 

a len t  form ga Ia fipb , then the minimum f l u t t e r  speed is  shown t o  ( I 4, 
increase as the density decreases, a condition which i s  borne out by 
the resu l t s  of the present investigation. Whether a s i m i l a r  e f fec t  
would be obtained by varying the m a s s  moment of i ne r t i a  Ia a t  con- 
stant density i s  uncertain since no tests of t h i s  nature 2re made. 

Discussion of the Effects of Various Parameters 

on Flut ter  a t  High Tip Mach Numbers 

The f a c t  that the f l u t t e r  a t  a given pi tch angle occurred a t  con- 
s t an t  dynamic pressure, as previously discussed, greatly simplifies 
the presentation of the data  a t  higher Mach numbers. 
means tha t  these data, taken a t  various densi t ies  and Mach numbers can 
be represented by single curves f o r  the different  pitch-angle sett ings.  
The data  presented i n  figure 10 f o r  three ranges of density r a t i o  show 
tha t  the f l u t t e r  boundaries obtained by plot t ing the f l u t t e r  speed 
coefficient as a function of t i p  Mach number f o r  various pitch-angle 
set t ings are not a l tered appreciably by changes i n  density when the 
f l u t t e r  speed coefficient i s  modified by the square root of the density 

It effect ively 
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rakio. This simplification is  employed i n  subsequent discussion where 
the data taken a t  various densit ies are plotted i n  terms of the modified 
f l u t t e r  speed coefficient,  

.s, 

Samples of the experimental data showing the e f fec ts  of Mach num- 
ber on the modified f l u t t e r  speed coefficient a t  various blade pi tch 
angles are shorn i n  figures 11 and 12. These data are replotted i n  
another form i n  figures 13 t o  16 f o r  use in  establishing a design c r i -  
terion. 
along which a given helicopter blade operates as the r o t o r  speed is  
varied i n  a medium having a constant speed of sound. The slope of the 
operating l i ne  is  inversely proportional t o  b% and d i rec t ly  propor- 
t iona l  t o  the sound speed. 
r e su l t  i n  an operating l i ne  having a different  slope. 

The operating l i ne  shown i n  figure 11(a) represents the l i ne  

Variation of any of these factors  w i l l  

Blade pitch angle.- The trends of f l u t t e r  speed coefficient with 
blade pitch angle a t  the lower Mach numbers as shown i n  figures 11 
and 12 are the same as those presented i n  figures 5 t o  8. 
number i s  increased, for  each pitch-angle se t t i ng  lower than the angles 
for  minimum f l u t t e r  speed coefficients,  a reduction i s  noted i n  the 
f l u t t e r  speed coefficient u n t i l  some Mach number of the order of magni- 
tude of the ti-p section c r i t i c a l  Mach number is reached. 
increases i n  Mach number r e su l t  i n  a rapid r i s e  i n  the f l u t t e r  speed 
coefficient. 

A s  the Mach 

Further 

Although the decrease in  the f l u t t e r  speed coefficient i s  in  the 
direction associated with compressibility effects ,  blade twist ar is ing 
from aerodynamic forces and centrifugal body forces may be a contrib- 
uting factor .  The data are  not suf f ic ien t  t o  permit a generalization 
at th i s  t i m e  as t o  the magnitude or direction of twist effects .  How- 
ever, some ef fec ts  of Mach number on blade twist are  discussed i n  the 
appendix. 
with increasing Mach number diminishes and essent ia l ly  disappears a t  a 
pitch angle approximately equal t o  the angle fo r  minimum f l u t t e r  speed 
coefficient. The magnitude of the reduction i n  f l u t t e r  speed coefficient 
with increasing Mach number appears t o  vary somewhat from blade t o  blade. 
This i s  shown by a comparison of figures U(a) and l l ( b )  where s i m i l a r  
data are presented fo r  blades number 2 ( r )  and 3( r ) ,  respectively. The 
primary difference between the blades is the s t ruc tura l  damping coef- 
f i c i e n t  for  torsion (see table  I); the damping coefficient of blade 3 ( r )  
being about half t ha t  of blade 2( r ) .  

The tendency fo r  a reduction i n  f l u t t e r  speed coefficient 

The turnback of the f l u t t e r  curves for  the various pitch-angle 
set t ings represents a beneficial  Mach number e f fec t  which is very s i m i -  
l a r  t o  t ha t  exhibited by propellers ( ref .  2). This beneficial  e f fec t  is 
possibly due t o  a rearward s h i f t  of the center of pressure. An envelope 
f l u t t e r  boundary can be drawn which separates the f l u t t e r  regions fo r  a l l  

C 
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pitch angle set t ings f romthe  f lu t te r - f ree  o r  stable regions as shown 
by the crosshatched curves of figures 11 and 12. ,+ 

- Airfo i l  thickness.- A comparison of figures l l ( a )  and 12(a) shows 
tha t  the minimum f l u t t e r  speed coefficient of the envelope f l u t t e r  
boundary f o r  the 12-percent-thick blade is  somewhat higher than tha t  
fo r  the 18-percent-thick blade. In  addition, the envelope f l u t t e r  
boundary f o r  the 12-percent-thick blade turns back much more abruptly 
than tha t  f o r  the 18-percent-thick blade; however, the envelope f l u t t e r  
boundaries f o r  both blades extend t o  a maximum Mach number of 0.73. 

In  both cases the individual f l u t t e r  boundaries, f o r  some blade 
pi tch angle set t ings and a t  Mach numbers above the Mach number a t  which 
the turnback occurs, do not tend t o  coincide with the respective envelope 
f l u t t e r  boundaries but rise more steeply. This effect  i s  noted a t  pitch 
angle set t ings of ll.To, 16-10, and 20.1' f o r  the 18-percent-thick 
blades, a l l  of which are lower than the angle of minimum f l u t t e r  speed 
coefficient.  For the 12-percent-thick blade, the e f fec t  i s  evident a t  
a pi tch angle se t t ing  of 21.7' which i s  greater than the angle a t  which 
the minimum f l u t t e r  speed coefficlent occurs. 
boundary turns back before the envelope f l u t t e r  boundary is  reached. 
The existence of f l u t t e r  boundaries which l i e  within the envelope 
f l u t t e r  boundaries i s  a beneficial  e f fec t  of Mach number over and above 
that  exhibited by the, envelope f l u t t e r  boundaries themselves. 

In  t h i s  case, the f l u t t e r  

,! 

r Section center-of-gravity location.- The e f fec t  of chordwise 
center-of-gravity location on the turnback of the f l u t t e r  boundaries 
for  different  pitch-angle set t ings is shown for  the 18-percent-thick 
blade by a comparison of figures =(a) and 12(b). The data  indicate 
tha t  the turnback of the individual f l u t t e r  boundaries f o r  the higher 
pi tch angles occurs a t  lower Mach numbers f o r  the blade having the 
forward center-of-gravity location. This trend of the f l u t t e r  bounda- 
ries indicates t h a t  an increase i n  Mach number resu l t s  i n  a rearward 
s h i f t  of the center of pressure, the e f fec t  of which i s  apparently 
greater a t  high pi tch angles. Inasmuch as the forward chordwise center- 
of-gravity location is  near the quarter chord, (about 28.0 percent), 
only a s l igh t  rearward movement i n  center of pressure i s  necessary t o  
a l t e r  appreciably the blade tors ional  moments, and therefore it appears 
logical  t h a t  t h i s  e f f ec t  would be more pronounced a t  the forward loca- 
t ion of the center of gravity as indicated by the data. The f l u t t e r  
data  f o r  the 12-percent-thick blades do not indicate the same trend. 
It is  possible t h a t  there is  a smaller e f fec t  of Mach number on the 
location of the center of pressure f o r  the thinner blade. 

Design Criterion 
s 

A summary of the data  presented herein indicates a possible design 
c r i te r ion  which may be used t o  se lec t  helicopter blades which can be 
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operated f lu t te r - f ree  throughout the subsonic speed range. The nature * 

and significance of t h i s  tentative c r i te r ion  may be be t t e r  understood 
by a discussion of the manner i n  which it i s  derived and of the blade 
parameters involved. * 

Maximum Mach number a t  f l u t t e r . -  An analysis of the data presented 
i n  table  11, a portion of which is  plotted i n  figures 11 and 12, shows 
t h a t  the over-all  Mach number e f fec t  w a s  such t h a t ,  f o r  the blades 
tested,  if f l u t t e r  did not occur a t  a t i p  Mach number l e s s  than about 
0.73, it would not occur a t  any t i p  Mach number up t o  a value s l i gh t ly  
greater than unity, the l i m i t  of the tes t s .  The f a c t  t h a t  the f l u t t e r  
boundary occurs a t  a t i p  Mach number of about 0.73 may be associated 
with loca l  supercr i t ica l  flow conditions and t o  the rearward movement 
of the center of pressure which i s  a s tab i l iz ing  condition. Some evi- 
dence of t h i s  i s  shown by the blade-twist data presented i n  the appendix. 

Derivation of f l u t t e r  parameters.- The operating l i ne  on a f l u t t e r  
p lo t  of the type shown i n  figures 11 and 12 is  a s t ra ight  radial l ine  
from the origin,  the slope of which is  inversely proportional t o  the 
dimensionless f l u t t e r  parameter, (b%/c)dq-.  

l i n e  i s  shown i n  figure l l ( a ) .  
subjected t o  f l u t t e r  as the rotor speed is  increased depends on the . 
slope of the operating l ine  and the blade pi tch angle. As the slope of 
the operating l i ne  i s  decreased, or conversely, as the f l u t t e r  param- 

A part icular  operating 

The extent t o  which a blade w i l l  be 

e t e r  ( b % / c ) d c p  i s  increased, the ranges of pi tch angles and speeds 

wherein f l u t t e r  may be obtained gradually decrease and disappear when 
the operating l ine  becomes tangent t o  the envelope f l u t t e r  boundary. 
Thus the f l u t t e r  parameter ( b % / c ) / g  i s  s ignif icant  i n  f l u t t e r  

studies. Its magnitude may be varied by varying the blade chord, blade 
tors ional  frequency, or tes t ing medium. Generally, values of the blade 
chord and tors ional  frequency are t o  some extent under the control of 
the designer. However, it i s  sometimes more convenient from a research 
standpoint t o  vary the tes t ing  medium as w a s  done in  the present 
investigation. 

In order t o  demonstrate more clear ly  the e f fec t  of the f l u t t e r  
parameter ( b % / c ) ( q  on the f l u t t e r  of the model blades, the data of 

figure l l ( a )  i s  f i r s t  cross-plotted as shown i n  figure 13. 
accomplished by drawing a ser ies  of radial or operating l ines  from the 
or igin of f igure l l ( a ) ,  each of which has a slope of constant ( b % / c ) / v .  

Upon intersection of a par t icular  radial l ine  with the f l u t t e r  curve f o r  
a given pitch-angle set t ing,  the value of the t i p  Mach number i s  noted. 
The mean t w i s t  f o r  the pitch angle se t t ing  i s  then obtained from table  11. 
Assuming a l inear  r ad ia l  dis t r ibut ion of t w i s t ,  the  twist a t  0.8R is  

This i s  

0 
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8. calculated and added algebraically t o  the pitch-angle se t t i ng  t o  obtain 
the actual  pitch angle a t  0.8~ a t  f l u t t e r .  
is  then plotted against the corrected pitch-angle set t ing,  ( 0 0 . 8 ~ )  

the various constant values of ( b % / c ) i q p  as shown i n  figure 13. 
Mach number a t  f l u t t e r  i s  then replotted as shown i n  figure 14 as a 
function of the f l u t t e r  parameter, (b%/c ){G,  for  various p i tch  

angles. 
mation of the envelope f l u t t e r  boundary of f igure l l ( a > .  

The Mach number a t  f l u t t e r  
f o r  

The 
C 

The lower or envelope f l u t t e r  boundey i s  simply a transfor- 

Discussion of design criterion.-  The presentation of the data i n  
the form of figure 14 permits a more ra t iona l  evaluation of the role  of 
some of the parameters on the envelope f l u t t e r  boundary, and f a c i l i t a t e s  
the discussion of the f l u t t e r  region i n  terms of the f l u t t e r  parameter, 

( b + & ) / q .  The figure shows tha t  there is  a maximum value of 

( b % / c ) / G  above which no f l u t t e r  was obtained f o r  tests up t o  a t i p  

Mach number s l i gh t ly  greater than unity, and t h i s  value i s  termed the 
c r i t i c a l  value. Thus a possible c r i te r ion  f o r  s ta l l  f l u t t e r  is  indi- 
cated. Since, f o r  prac t ica l  applications, the sound speed is  a con- 

than the value corresponding t o  t h i s  c r i t i c a l  value t o  be operated 
f lu t te r - f ree  throughout the pitch-angle and Mach number range. 

. s tan t ,  it may be possible f o r  blades having a value of b% greater 

r 

In  order t o  f a c i l i t a t e  a comparison of the r e su l t s  i n  terms of the 
f l u t t e r  parameter fo r  various blades having different  thickness, chord- 
w i s e  center-of-gravity location, and s t ruc tura l  damping, the data  pre- 
sented in  table I1 were plotted and cross-plotted as discussed i n  the 
previous paragraphs t o  obtain envelope f l u t t e r  boundaries s i m i l a r  t o  the 
one shown i n  figure 14. The result ing envelope f l u t t e r  boundaries are  
shown i n  figure 15. The c r i t i c a l  values of these envelope f l u t t e r  
boundaries are replotted i n  figure 16 as a function of s t ruc tura l  

damping. Data are also presented showing c r i t i c a l  values of (b%/c)$$ 

f o r  the propeller of reference 2 and the wing of reference 3. 

There are no apparent e f fec ts  of  chordwise center-of-gravity loca- 
t ion  o r  thickness on the c r i t i c a l  values of ( b % / c ) / G .  

however, an upward trend of the c r i t i c a l  values as the tors ional  damping 
is  reduced, and, on the basis of these resu l t s ,  a design c r i te r ion  can 
be stated,  namely, t ha t  helicopter blades having values of s t ruc tura l  
damping above 0.03 should be able t o  operate completely f lu t te r - f ree  if  

There i s ,  

si the value of the design parameter (b%/c)\Jp,lp is  greater than 0.30. 
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The c r i t i c a l  values of ( b Q / c ) / s  f o r  the wing and propeller resu l t s  

as shown i n  figure 16 are appreciably higher than those f o r  the he l i -  
copter blades tested, but the s t ruc tura l  damping coefficients f o r  the 
wing and propeller were much smaller than those f o r  the helicopter 
blades. 
c r i t i c a l  values of ( b % / c ) d v p ,  but no conclusion can be drawn cam- 

Structural  damping appears t o  have considerable e f fec t  on the 

, 

paring the propeller and wing f l u t t e r  c r i te r ion  t o  the helicopter blade 
f l u t t e r  c r i te r ion  since the length-to-chord r a t i o  as w e l l  as section 
thickness r a t i o  fo r  the helicopter blades were much higher than for  the 
wing and propeller. 

It should be emphasized tha t  the resu l t s  reported herein apply 
specif ical ly  t o  the hovering case and may not be valid f o r  conditions 
of forward f l i gh t .  

CONCLUSIONS 

The r e su l t s  of an experimental f l u t t e r  investigation conducted i n  
the Langley vacuum sphere f l u t t e r  t e s t  apparatus t o  determine the 
e f fec ts  of various parameters including Mach number on the f l u t t e r  of 
some model helicopter ro to r  blades indicates the following conclusions: 

1. Forward movement of the chordwise center-of-gravity location 
raised the f l u t t e r  speed coefficient a t  l o w  pi tch angles, but had 
re la t ive ly  l i t t l e  e f fec t  on the f l u t t e r  speed coefficient a t  high pitch 
angles. 

2. The minimum values of the f l u t t e r  speed coefficient increased 
with increases i n  the tors ional  s t ruc tura l  damping coefficient. 

3 .  A t  a given Mach number and blade pitch-angle set t ing,  f l u t t e r  
occurred at  essent ia l ly  constant dynamic pressure a t  densi t ies  ranging 
from 0.0012 t o  0.0030 slug per cubic foot. 
pi tch angles up t o  the angle corresponding t o  m i n i m  f l u t t e r  speed 
coefficient. 

This was observed a t  a l l  

4. A t  blade pitch angles below the s t a l l  angle, the f l u t t e r  speed 
coefficient decreased as the Mach number w a s  increased up t o  a cer ta in  
value of Mach number, above which the f l u t t e r  speed coefficient increased 
rapidly. The i n i t i a l  reduction disappeared a t  pi tch angles near 
s ta l l  angle. 

5.  For the blades tested,  if f l u t t e r  
number less than 0.73, it would not occur 
s l i gh t ly  greater than 1, the l i m i t  of 

did not occur a t  a t i p  
at  any t i p  Mach number 
tests. 

the 

Mach 
up t o  
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6. A tentative design c r i te r ion  based on the par t icular  t e s t s  
covered i s  presented which implies tha t  helicopter blades having values 
of the tors ional  s t ruc tura l  damping coefficient greater than 0.03 and 

the design f l u t t e r  parameter (b%,c),/q' above 0.3 should be able t o  

operate completely f l u t t e r  f ree .  
f irst  tors ional  frequencyj c = sound speed: po = standard density; and 
p = operating density.)  

(b = blade half-chord; % = nztural  

Langley Aeronautical Laboratory, 
National Advisory Cormnittee for Aeronautics, 

Langley Field, Va. 
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A BRIEF STUDY OF BLADE TWIST A S  NFLUEI?ClZD BY BLADE PITCH 

ANGm, DYMAMIC PRESSURE, FLLITTE3 AND DIYEBGENCE, 

AND MACH NUMBER 

Inasmuch as the f l u t t e r  character is t ics  of the blades tested were 
found t o  be dependent on the blade p i tch  angle, it was  of in te res t  t o  
obtain some over-all  indication of the manner i n  which blade pi tch angle 
was al tered by blade twist. Perhaps of greater importance though is the 
f a c t  tha t  the blade t w i s t  i s  a good qualitative index of the chordwise 
location of the center of pressure, which appears t o  have considerable 
influence on the f l u t t e r  character is t ics  of the blades. Figures 17 
and 18 present some experimental measurements which show the blade 
t w i s t ,  measured a t  the t i p ,  fo r  a 12-percent-thick blade with the chord- 
w i s e  center of gravity located a t  37.3 percent chord. Figure 1-9 pre- 
sents a comparison of experimental and calculated values of blade t w i s t  
a t  a low pi tch angle a t  rotor speeds approaching the blade divergence 
speed. Figures 20 and 21 show some experimental resu l t s ,  tabulated i n  
table 111, as t o  the e f fec t  of ti-p Mach number and divergence on blade 
t w i s t .  

Twist a t  Low Tip Mach Numbers 

Some causes of blade t w i s t . -  The data points presented i n  figure 17 
were obtained by varying the density a t  constant rotor  speed t o  e l i m i -  
nate the e f f ec t  of Mach number on twist. In addition t o  the aerodynamic 
forces and moments which produce t w i s t ,  there are also body forces and 
moments due t o  the spanwise and chordwise components of the centrifugal 
acceleration of the blade mass par t ic les ,  references 10 and 11. The 
spanwise components r e su l t  i n  so-called "ribbon forces" which tend t o  
minimize blade t w i s t  i n  e i ther  posit ive or negative directions. The 
resul t ing moments are d i rec t ly  proportional t o  the blade t w i s t  and are, 
therefore, negligible if the twist  i s  negligible. The chordwise com- 
ponents produce moments which are proportional t o  the sine of twice the 
pi tch angle, the direction of which is such as t o  res tore  the pi tch 
angle t o  zero. If these moments are s ignif icant  f o r  the blade i n  ques- 
tion, they should show up a t  the high pitch angles and would r e su l t  i n  
negative blade t w i s t  a t  zero density. The data  presented i n  figure 17 
f o r  pitch angle set t ings of 15', 17.5', and 20' indicate t h a t  the t w i s t  
a t  zero density is  nearly zero (as shown by the dashed l ines) .  
t h i s  appears t o  be true fo r  high pi tch angles, it seems reasonable tha t  
the curves f o r  low pi tch angles would follow the trend indicated by the 

Since 

.. 
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dashed l ines  i n  showing zero twist a t  zero density. Thus, it is  con- 
cluded f o r  these blades tha t  the e f fec ts  of centrifugal forces on blade 
twist are  small compared t o  the aerodynamic forces. 

Effect of blade pitch angle.- The data a lso show tha t  as the pitch 
angle is  increased from zero, the angle of t w i s t ,  a t  a given value of 
dynamic pressure, a lso increases. This trend continues, as shown by 
the cross-plotted data of f igure 18 u n t i l  the pi tch angle approaches 
approximately l5O, whereupon fur ther  increases i n  the pi tch angle r e su l t  
i n  a reduction i n  twist. As the pi tch angle approaches an angle of 25O, 
the blade twist is  zero, indicating that  the center of pressure has 
moved rearward and has become coincident with the center of gravity. As 
the pitch angle is  fur ther  increased, the center of pressure apparently 
moves rearward of the center of gravity and the twist becomes negative. 

With the exception of the blade pitch-angle se t t ing  of 5 O ,  the 
maximum value of the dynamic pressure f o r  each blade pi tch angle se t t i ng  
of the curves i n  figure 17 i s  s l igh t ly  l e s s  than the dynamic pressure a t  
which f l u t t e r  occurred. No f l u t t e r  was obtained a t  the blade pitch 
angle se t t ing  of 5'; however, the curve does show a tendency toward 
divergence. 
l i m i t  on the r o t o r  speed imposed by centrifugal s t resses .  
had occurred, it is  l ike ly  tha t ,  a t  t h i s  re la t ive ly  l o w  pi tch angle, it 
would have been of the classicalbending-torsion type. 

The l imiting value of the dynamic pressure was due t o  the 
If f l u t t e r  

Theoretical prediction of twist and divergence.- An attempt is made 
i n  the following paragraphs t o  show how the theory of references 7 and 9 
may be applied t o  predict  the divergence tendency exhibited by the blade 
i n  figure 17 a t  the 5' pitch-angle sett ing.  The theory is  advanced i n  
reference 7 t h a t  the dynamic-stiffness axis may be taken as the center 
of gravity of the section and the divergence speed w i l l  be approximately 
equal t o  the c lass ica l  f l u t t e r  speed, m e  approximate c lass ica l  f l u t t e r  
speed coefficient fo r  a heavy wing with a l o w  bending-to-torsion fre- 
quency r a t i o  (a condition which is  m e t  by the ro to r  blade under con- 
s iderat ion)  w a s  derived i n  reference 9 and repeated i n  a more convenient 
form i n  reference 7. Assuming tha t  the effect ive velocity is  the 
velocity at  0 . 8 ~ ,  the f l u t t e r  speed coefficient may be writ ten i n  the 
modified form as follows: 

where the subscript o i s  used t o  designate standard atmospheric 
conditions. 
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By subst i tut ing the appropriate values from table I in to  equa- 
t ion (l), the c r i t i c a l  value of ( v o . 8 ~ / b % ) i z  w a s  determined t o  be 

6.1 which indicates tha t  the c lass ica l  f l u t t e r  or divergence speed coef- 
f i c i e n t  of the blade w a s  j u s t  s l i gh t ly  greater than the maximum value 
shown i n  figure 17. 

According t o  reference 7, f o r  small pi tch angles the r a t i o  of blade 
t w i s t  a t  successive dynamic pressures may be expressed as 

1 - -  q2 
qcr 

where qcr i s  the dynamic pressure a t  f l u t t e r  or  divergence. Inasmuch 
I C  - 

= q/qcr, the r a t i o  of successive values 

cr  
of blade t w i s t  f o r  corresponding values of the f l u t t e r  speed coefficient 

becomes, a f t e r  subst i tut ion of the c r i t i c a l  values of (Voe8R/b%) ( p/po), 
2 

where the constant 37.2 is  the square of the c r i t i c a l  value of the 
f l u t t e r  speed coefficient as previously determined from equation (1) 
for the par t icular  blade under consideration. 
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Comparison of theory and experiment.- Figure 19 presents a com- 
parison of some theoret ical  and experimental values of blade twist as a 
function of f l u t t e r  speed coefficient as the calculated divergence speed 

f i c i en t  shown i n  figure 17 f o r  a blade pitch-angle se t t ing  of 5' is  
repeated along with two calculated curves, one of which is  obtained 
from equation ( 3 )  and the other based on the assumption tha t  the t w i s t  
i s  d i rec t ly  proportional t o  the dynamic pressure, t ha t  is ,  

.. is  approached. The curve of measured t w i s t  against f l u t t e r  speed coef- 

In  both instances, the i n i t i a l  values of blade t w i s t  and f l u t t e r  speed 
coefficient fo r  the calculated curves are assumed t o  be equal t o  the 

experimental values of Aet = 0.61 and ( / bua )/K = 3- If no 

experimental value of t w i s t  is available, the t w i s t  may be determined 
from equation (3) of reference 7. 

r 

A comparison of the three curves of figure 19 shows a def ini te  
tendency of the blade toward divergence; however, the t w i s t  is  not quite 
as great as the theory predicts,  the theory being, i n  t h i s  case, some- 
what conservative. This may be pa r t i a l ly  a t t r ibuted t o  the increase i n  
blade s t i f fness  ar is ing from centrifugal forces, and perhaps, par t ly  
due to  violation of the small-angle l imitation of the theory. 

Effect of Tip Mach Number on Blade Twist 

Figures 20 and 21 show the e f fec t  of the f l u t t e r  speed coefficient 
and blade t i p  &ch number on the t w i s t  of a 12-percent-thick blade 
operating i n  mediums having.different speeds of sound. The chordwise 
center of gravity was located a t  37.3 percent chord and the blade pi tch 
angle w a s  s e t  at  5'. The data are presented i n  tabular form i n  
table 111. 

Figure 20 shows the blade twist as a function of the f l u t t e r  speed 
coefficient.  The curves f o r  the test mediums having the higher sound 

('0. 8 R l b % ) & 7 6  speeds show a tendency toward divergence a t  a value of 

of from 3.5 t o  4 whereas the curves a t  low sound speeds show a turnback 

C 
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or reduction i n  t w i s t  probably due t o  the e f f ec t  of a rearward movement 
of the center of pressure due t o  increased Mach number. The e f fec t  of 
Mach number i s  more conveniently shown i n  figure 21where the blade 
twist, divided by the value of the f l u t t e r  speed coefficient a t  which 
it was obtained, i s  plotted as a function of the t i p  Mach number. 

The curves representing data a t  the higher sound speeds again show 
a tendency toward divergence as discussed i n  the previous paragraphs. 
Since t h i s  divergent tendency, as shown i n  figure 20, occurred a t  essen- 
t i a l l y  constant dynamic pressure, i n  mediums having different  sound 
speeds, it occurs a t  different  t i p  Mach numbers. 

A s  the sound speed is  progressively lowered, the divergence tend- 
ency disappears and a Mach number e f fec t  becomes evident. A s  the Mach 
number approaches 0.73, a turnback i n  the twist curves is shown, indi-  
cating a reduction i n  twist with further increases i n  t i p  Mach number. 
The Mach number at  which the turnback occurs i s  i n  agreement with the 
l imiting Mach number of the envelope f l u t t e r  boundary of figure ll(a) 
which may indicate tha t  the rise i n  the value of the f l u t t e r  speed coef- 
f i c i e n t  a t  high Mach numbers i s  pa r t i a l ly  due t o  a rearward s h i f t  of the 
center of pressure as evidenced by a reduction i n  blade pi tch angle. 
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2(f)  
38 
4 

27.5 
25.0 

8. 260 
25. 500 

113 
319 
439 

0.165 
78.a 

0.105 
0.036 

0.093 
0.181 

0.0055. 
0.028 
3.695 

TABLF I . . CEIARACTElUSTIC BLADE P- 

2(r) 
38 
4 

37.3 
26.5 

9. 210 
25. 500 

119 
331 
446 

0.235 
78.0 

0.u.o 

0.040 

0.075 
0.181 

0.0055 
0.028 
3.695 

Fub radius. 8 inches; rotor radius. 46 inches; 

flapping hinge radius. 2.5 inched 

4(r) 
38 
4 

37.3 

(a) NACA 2301.2 a i r fo i l  section 

5(r)  
38 
4 

37.3 

Blade number . . . . .  
Chord. i n  . . . . . . .  
xcgJ percent chord . . 
xm. percent chord . . 

EI. lb-in.2 . . . . . .  
%l. radiansfsec . . .  
%. radiansfsec . . .  
%. radians/sec . . . .  
r$ . . . . . . . . . .  

g h l -  . . . . . . . . .  
g a 2 . * .  . . . . . . .  
gcl . . . . . . . . . .  
4. slugs . . . . . . .  
I,. slug-ft2 . . . . .  
a . . . . . . . . . . .  
y o  . . . . . . . . . .  

Length. i n  . . . . . . .  

GJ. lb-in.2 . . . . . .  

( l / K ) O  . . . . . . . .  

26.5 
8. 210 

24. 300 
126 

327 
421 

78.0 
0.170 
0.056 
0.049 

0.235 

0.181 

0.0055 
0.028 
3.695 

l(r)  
38 
4 

37.3 
26.5 

9. 980 
25. 500 

126 

327 
464 

78 . 0 

0.126 

0 -235 

0.049 

0.048 
o . 181 

0.028 
3.695 

0.0055 

26.5 

9. 980 
24. 300 

126 

327 
464 

78.0 
0.135 
0.067 
0.067 

0.235 

0.181 
0.0055 
0.028 
3.695 

Blade number . . . . . .  
Length. in 
Chord. i n  . . . . . . . .  
xcg. percent chord . . .  
xu. percent chord . . .  
GJ. lb-in.2 . . . . . . .  
EI. lb-in.2 . . . . . . .  

. . . . . . . .  

~ h l .  radians/sec . . . .  
%. radians/sec . . . .  

rap . . . . . . . . . . .  
( l / K ) o  . . . . . . . . .  
ghl . . . . . . . . . . .  
ga2 . . . . . . . . . . .  
% . . . . . . . . . . .  

I,. slug-ft2 . . . . . .  

%. radians/sec . . . . .  

4. slugs . . . . . . . .  
. . . . . . . . . . . . .  
r0 . . . . . . . . . . .  

3(f) 
38 
4 

27.5 
25 . 0 

7, 800 
24. 300 

129 
364 
426 

0.165 
78.0 

0.134 
...... 
0.027 
0.181 

0.0055 
0.028 
3.695 

6( f )  
38 
4 

28 -0 
25.0 

18. 650 
59. 100 

173 
477 
611 

0.168 
88.1 

0.045 
0.015 
0.064 

0.181 

0.0055 
0.0% 
3.275 

(b) NACA 23018 a i r fo i l  section 

6( r )  
38 
4 

36.5 
27.0 

20. 400 
59 j 100 

168 

458 
616 

0.216 
88.1 

0.076 
0.044 
0.069 
0.181 

0.0055 
0.028 
3.275 

3(r) 
38 
4 

37.3 
26.5 

7J9O0 
24. 300 

116 

327 
414 

0 -235 
78.0 

0 093 
0 -035 
0.034 
0 -181 

0.0055 
0 . 028 
3.695 

7(r)  
38 
4 

36.5 
27 . 0 

57. 800 

454 

513 
0.216 
88.1 

0.09 

0.042 
0.062 
0.181 

14. 150 

151.0 

0.0055 
0.028 
3.275 

I 

8(r) 
38 
4 

36.5 
27 . 0 

16. 950 
67. 900 

180 
488 

576 
0.216 
88.1 

0.051 

0 * 059 
0.09 

O.l%l 

0.028 
3.275 

0.0055 

z 

9( r )  
38 
4 

36.5 
27.0 

16. 950 
67. 900 

180 
4&8 

562 
0.216 
88.1 
0.051 

0 -059 
0.224 
0.181 

0.0055 
0.028 
3.275 
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“4. 01 
5-07 
“4. 41 
“4. BO 

1.83 
2.74 
3.65 
4.57 
4.80 

1.83 
3.65 
4.57 
5-49 

4.0 
6.2 
4.9 
4.9 

-7 
1.2 
1.9 
5.2 
7.0 

.8 
1.9 
5.2 
9.5 

45 

TABU 111.- EFFECT OF MACH NUMBER AND D m G E N C E  ON BLADE TWIST 

F A C A  23032 blade 4(r); (00.8R) = 5’; atmospheric densitA 
S L 

I 
f% vt 

160 
240 
320 
360 
400 
440 
4 80 

Mt 

0.32 
.48 
.64 
72 
.80 
.88 
.96 

.28 
-43 
* 57 
.64 
* 71 

C 

500 

565 

I 
2.74 I Oe5 3-03 

0.27 
.47 
.85 

.96 
1.00 

3.65 
4.11 
4.57 
5.03 
5.49 

3.1 
4.1 
4.4 
4.4 
4.0 -73 .88 I 

1.05 1 1.34 

160 
240 
320 
360 
400 

1.83 

3.65 

4.57 

2.74 

4.11 

1.1 
1.9 
3.1 
4.7 
6.1 

160 
240 
320 
360 
400 

400 
440 
440 
480 

27 
.40 
- 53 
-60 
.67 

.67 
-73 
-73 
.80 

1.83 

3.65 

4.57 

2.74 

4.11 

1.0 
1.8 
2.8 
3.3 
5.6 

602 

715 

1120 

-55 
.66 - 77 
.80 
1.27 

“1.00 
1.23 
“1.11 
“1.02 

160 
24 0 
320 
400 
420 

.22 

.34 

.45 

.56 
-59 

38 
.44 
-52 
1.14 
1.46 

.14 

.28 

.36 

.43 

.44 
-52 
1.14 
1-73 

160 
320 
400 
4 80 

“Density reduced to 0.77 atmosphere. 
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23012 and NACA 23018 airfoil sections 

Approximate (€1 obtained on 
helicopter blades having NACA 

tl 8 

49 

I I 
Figure 4.- Mean section l i f t  coefficient for  the NACA 23012 and 23018 blades 

as a function of the blade pitch angle. 
la ted by Glauert 's method, r e f .  6, based on a blade element located 
a t  0 . a . )  (I = 0.028. 

(The l i f t  coefficient is calcu- 
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r 

‘0.8R 

bwa 

Figure 7.- The ef fec t  of blade a i r f o i l  shape on the f l u t t e r  speed coeffi- 
cient as a function of blade pi tch angle a t  atmospheric densit ies.  
4 <0.44. 
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(a)  Blade number 2(r);  & = 0.075. 

NACA RM L53D24 

Figure 11.- The ef fec t  of t i p  Mach nuniber on the modified f l u t t e r  speed 
coefficient a% various pitch-angle set t ings f o r  two blades having 
NACA 23012 a i r f o i l  sections. 
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P 

(b) Blade n W e r  3(r);  gcl = 0.034. 

Figure 11.- Concluded. 
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5 

4 

3 

6 
2 

I 
I flag Intermittent flutter 
2 flaqs No flutter 

I 

0 .2 .4 .6 .8 I .o 
M t  

(a) Blade number 6(r) ;  ga = 0.069. 

Figure 12.- The effect of tip Mach number on the modified flutter speed 
coefficient at various pitch-angle settings for a blade having an 
NACA 23018 airfoil section at different chordwise center-of-gravity 
locations. 
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0 .2 p .6 

Mt 

A 27 
I flag Intermittent flutter 

,8 I .O 

(b)  Blade nurdber 6(f) ;  ga = 0.064. 

Figure 12.- Concluded. 
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Figure 13.- The e f f ec t  of blade pi tch angle (corrected f o r  t w i s t )  on the 
t i p  Mach number a t  f l u t t e r  f o r  various values of the sound speed 
coefficient f o r  blade 2(r) e 
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0 Propeller - Reference 2 
V Wing - Reference 3 
0 Rearward center of gravity 
0 Forward center of gravity 

I flag - 12% thick section 
2flags - 18% thick section 

I I I I Txizx77 : v -  

.O 6 .O 8 .I 0 

Figure 16.- The variation of critical values of the design flutter 
parameter with torsional damping. 
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Figure 17.- Measured twist as a function of flutter speed coefficient at 
4. 

various pitch-angle settings for blade 3(r ) .  Mt < 0.43. 
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Figure 18,- Measured t w i s t  as a function of pitch-angle s e t t i n  f o r  
blade 3(r). Data taken from figure 17 for (Vo.&/bw)(d-&) = 1.4. 
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0 2 4 6 8 IO 

Figure 19.- A comparison between the experimental and calculated e f f ec t  
of the f l u t t e r  speed coefficient on blade t w i s t  as the c lass ica l  f l u t t e r  
or  divergence speed is  approached fo r  blade 3(r) .  (€lo,&), = 5’. 
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0 -- 8 
0 - --- I~~~~ Atmospheric densit 

v- 
5 6 

e? Figure 20.- The effect  of the f l u t t e r  speed coefficient on t w i s t  a t  the 
t i p  of blade 4(r) being rotated in  mediums of different  sound speeds. 
( e o . 8 d s  = 5 O .  
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Symbol C P/Po 
0 I120 1.0 
0 715 1.0 
0 602 1.0 

A 565 1.0 
602 .77. 

I .o I .2 

Figure 21.- The ef fec t  of blade divergence and Mach number on the measured 
t w i s t  a t  the t i p  of blade L ( r )  being rotated i n  mediums a t  different  
sound speeds a t  a s t a t i c  pitch angle of 5 O .  
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